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Abstract. Although cytoplasmic dynein is known to
attach to microtubules and translocate toward their mi-
nus ends, dyneids ability to serve in vitro as a minus
end-directed transporter of membranous organelles de-
pends on additional soluble factors. We show here that
a rv20S polypeptide complex (referred to as Activator
I; Schroer, T. A., and M. P Sheetz. 1991x. J. Cell
Biol. 115:1309-1318.) stimulates dynein-mediated vesi-
cle transport. A major component of the activator
complex is a doublet of 150-kD polypeptides for
which we propose the name dynactin (for dynein
activator). The 20S dynactin complex is required for
in vitro vesicle motility since depletion of it with a
mAb to dynactin eliminates vesicle movement. Clon-
ing of a brain specific isoform of dynactin from
YTOPLAsmic dynein is a microtubule-based, me-
chanochemical ATPase found in virtually all animal
cells(Lye et al., 1987; Paschal et al., 1987; Euteneuer
et al., 1988 ; Neely and Boekelheide, 1988; Amos, 1989;
Collins and Wee, 1989; Gilbert and Sloboda, 1989; Schnapp
and Reese, 1989; Schroer et al., 1989; Koonce and McIntosh,
1990), which is capable of translocating toward the minus
end of a microtubule. Cytoplasmic dynein was initially iden-
tified in Caenorhabditis elegans (Lye et al., 1987) and bo-
vine brain (Paschal et al., 1987) to be a high molecular
weight, microtubule-dependent ATPase that when immobi-
lized on glass could power microtubulegliding. Based on the
direction of microtubule translocation (Paschal and Vallee,
1987), it was inferred that soluble cytoplasmic dynein moved
toward the minus end of microtubules, a prediction con-
firmed by observing transport of dynein-coated plastic beads
alongmicrotubules of known orientation (Schnapp and Reese,
1989; Steuer, E. R., and M. P Sheetz, unpublished obser-
vations) .
Cytoplasmic dynein has now been isolated from several
sources and contains two heavy (-400kD), three or four in-
termediate (-70 kD), and four light (-50 kD) chain
subunits, along with a variable number of substoichiometric
polypeptides, prominent ones of which are 150-170 kD
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chicken reveals a 1,053 amino acid polypeptide com-
posed of two coiled-coil a-helical domains interrupted
by a spacer. Both this structural motif and the under-
lying primary sequence are highly conserved in ver-
tebrates with 85% sequence identity within a central
1,000-residue domain of the chicken and rat proteins.
As abundant as dynein, dynactin is ubiquitously ex-
pressed and appears to be encoded by a single gene
that yields at least three alternative isoforms. The
probable homologue in Drosophila is the gene Glued,
whose protein product shares 50% sequence identity
with vertebrate dynactin and whose function is essen-
tial for viability of most (and perhaps all) cells in the
organism.
(Neely and Boekelheide, 1988; Collins and Vallee, 1989;
Schnapp and Reese, 1989; Hirokawa et al., 1990; Schroer
and Sheetz, 1991x). The functional properties, if any, con-
ferred by these minor components remain unknown, mirror-
ing the uncertainty as to the in vivo role of cytoplasmic dy-
nein itself. Unlike axonemal dynein, whose role is to drive
sliding of adjacent microtubule doublets, thereby powering
ciliary and flagellar motility, cytoplasmic dynein has been
implicated in several processes: it may represent the translo-
cator responsible for retrograde transport of vesicles within
nerve axons, for basolateral-to-apical membrane transport
within polarized epithelial cells, and for delivery from endo-
somes to lysosomes (e.g., see Schroer and Sheetz, 1991b, for
review). In addition to its potential role as a vesicle motor,
at mitosis dynein localizes to the kinetochore domain of
chromosomes as well as to microtubules of the mitotic spin-
dle (Pfarr et al., 1990; Steuer et al., 1990; Wordeman et al.,
1991), where it may drive poleward movement of chromo-
somes during prometaphase and anaphase.
Althoughcytoplasmic dyneinpurified from several sources
has microtubule-stimulated ATPase activity, that powers
movement of microtubules on glass coverslips and plastic
beads on microtubules (Lye et al., 1987; Paschal et al., 1987;
Euteneuer et al., 1988), these activities do not necessarilyreflect the behavior of the enzyme in a biological context. A
better indicator of dynein's direct role in vesicle transport
came from an in vitro system composed ofmicrotubules, salt-
washed vesicles, and cytosol-containing dynein,(Schroer et
al ., 1989). Minus end-directed vesicle movement was seen
and the movement was inhibited by conditions that inactivate
dynein (vanadate and ultraviolet irradiation), indicating that
dynein is the transporter responsible. However, while addi-
tion ofpurified dynein to inactivatedcytosol restored vesicle
motility, dynein alone supported vesicle movement to a mark-
edly reduced extent, suggesting a requirement for additional
cytosolic factors. Two such activator fractions (named acti-
vators I and II) have been identified (Schroer and Sheetz,
1991x), although the specific polypeptides necessary for
function of either activator are not yet known.
We use this in vitro systemhere to characterize further one
activator of dynein-mediated vesicle motility. The activator
is a large complex (sedimenting at ti20S) composed of
several polypeptides, a prominent component of which is a
doublet of 150-kD proteins for which we propose the name
dynactin (for dynein activator). We show that dynactin is
present as a substoichiometric componentof20S dynein, and
using a specific mAb (mAb 150.1; Steuer et al., 1990) to
these polypeptides, we demonstrate that immunodepletion of
the dynactin complex eliminates vesicle motility. We find
that dynactin is ubiquitously expressed, with at least three
isoforms encoded by a single gene. The cloning and sequenc-
ing of a brain-specific isoform of chicken dynactin predicts
a structural motif composed of a pair of long a-helical do-
mains. Comparisonwith the sequence ofa ratprotein (Holz-
baur et al., 1991) identifiedby antibodies to a 150-kD poly-
peptide found in some, but not all (Collins and Vallee,1989),
mammalian dynein preparations, reveals this protein to be
the rat homologue of chicken dynactin. Highly conserved in
sequence and predicted structure, dynactin also shows 50%
sequence identity throughoutmost of its length to the Droso-
phila gene Glued, which encodes an essential protein that
had earlier been implicated in several events, including a re-
quirement for viability of individual cells in general (Harte
and Kankel, 1982) and, more specifically, in eye organiza-
tion and development of neurons in the optic lobe (Meyero-
witz and Kankel, 1978; Harte and Kankel, 1982; Garen et
al., 1984).
Materials andMethods
Dynein and Dynactin Purification
Details of the purification ofdynein and dynactin and a thorough study of
their effects on vesicle motility are presented elsewhere (Schroer and
Sheetz, 199la). Briefly, dynein from a high speed supernatant ofchick em-
bryo brain was bound to bovine microtubules in AMP-PNP and eluted with
ATP (Vale etal., 1985x). The ATP release (or purifiedactivator I complex)
was subjected to velocity sedimentation in a 5-20% sucrose gradient. 20S
dynein was applied to a MonoQ column (Pharmacia Fine Chemicals, Pis-
cataway, NJ) and eluted with KCl to separate dynein and dynactin.
Dynactin Immunoadsorption
Purified anti-dynactin IgG (mAb 150.1; Steuer et al., 1990) and mouse IgG
(Sigma Chemical Co., St. Louis, MO) were coupled to CNBr-activated
Sepharose CL-4B (Pharmacia Fine Chemicals) at a concentration of 5 mg
IgG/ml resin. Dynactinfrom the MonoQ column was diluted 1:1 with 35 mM
K-Pipes, pH 7.2, 5 mM MgSO4, 5 mM EGTA, 0.5 mM EDTA, mixed with
adsorbent, and incubated at 4°C for 4 h on an end-over-end rotator. The
final supernatants wereprocessedandassayed for motility as describedbelow.
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Vesicle Motility Assay
Vesicles were isolated from chickembryo fibroblasts and extracted with KI
as described (Schroer et al., 1989). Phosphocellulose purified bovine
microtubules (Williams and Lee, 1982) were sedimented onto glass cover-
slips whose surfaces were then coated with carrier protein to prevent
microtubule gliding (Schroer and Sheetz, 199]x). Dynein and dynactin
samples were desalted and concentrated byultrafiltration to a final concen-
tration of0.02-0.10mg/mlprotein. Vesicle motor activityand directionality
were determined as described (Schroer et al., 1988, 1989; Schroer and
Sheetz, 199]x).
Identification ofDynactin cDNA Clones by
Expression Library Screening
A Xgtll chick embryo library (obtained from B. Vennstrom, EMBL,
Heidelberg, Germany) was screened using mAb 150.1 (Steuer et al., 1990)
that binds to the 150-kD doublet of dynein associated proteins. Bound pri-
mary antibody was detected with 125I-labeled sheep anti-mouse IgG (ICN
Biomedicals, Inc., Costa Mesa, CA) . Antibody binding was done at room
temperature in 50 mM Tris-Cl (pH 8.0), 300 mM NaCl, 0.3% Tween 20,
and 4% bovine albumin. Washes were done in the same buffer, but without
albumin. Clones were plaque purified and DNA was isolated as previously
described(Lopataetal., 1983). The3.5-kb cDNA sequences were liberated
by digestion with EcoRI and subcloned into the EcoRI site of pBluescnipt
KS II+ to produce plasmid p150A. This construct was subsequently used
for both DNA sequencing and expression of the protein encoded by the
cDNA.
DNA Sequencing
DNA from plasmid p150A was randomly sheared by sonication into frag-
ments ranging from 300 by to 1.0 kb. The ends of these fragments were
repaired with Menow and subcloned into M13-mp8. Single-stranded M13
DNA was prepared as previously described (Sanger et al., 1977) and se-
quenced using the Sequenase enzyme (United States Biochemical Corp.,
Cleveland, OH). The sequence was assembled and analyzed using the Wis-
consin GCG sequence analysis package.
Expression ofBacterial cDNA Protein
The cDNA clone in pBluescript (p150A) was transformed into XL-1 blue,
a protease-deficient Escherichia coli strain. Expression of the cDNA
encoded protein was induced by growing the bacterial culture to an ODD
of 0.5 and then adding isopropylthiogalactoside to a final concentration of
20 mM. The culture was grown for an additional 1 h and bacteria were
pelleted by centrifugation, resuspended in 0.5% SDS, 50 mM Tris-Cl (pH
6.8), and lysed by sonication. After mixing with an equal volume of SDS
sample buffer (Laemmli, 1970), this extract was used on SDS-PAGE. The
lysate was stored at -20°C.
Generationofa PblyclonalAntibody to
Bacterially ExpressedDynactin
The protein obtained by induction ofp150A was partially purifiedby excis-
ing the appropriate gel band from an SDS polyacrylamide gel followed by
electroelution. 20 jig ofpurified protein were mixed with Freund's adjuvant
and injected intraperitoneally into BALB/c mice at 10-d intervals. Serum
was obtained by either tail bleed or (for a final bleed) by heart puncture.
Preparation ofDNA and RNA
Genomic DNA was isolated from chicken, human, mouse, and fly tissue
as previously described (Maniatis et al., 1982). Briny, the tissue was frozen
in liquid nitrogen, ground into small particles, suspended in 10 mM 'Iris-Cl
(pH 8.0), 0.1 M EDTA, 0.5% SDS, and 20 pg/ml RNase A, and incubated
with 100 )zg/ml proteinase K at 50°C overnight. The DNA was extracted
several times with phenol:chloroform, ethanol precipitated, and resus-
pended in 10 mM Tris (pH 7.0) and 1 mM EDTA. lbtal RNA was prepared
using theguanidine thiocyanate/CsCl methodofChirgwin et al. (1979). Tis-
sues (or cultured cells) were frozen in liquid nitrogen and then disrupted
in 4 M guanidinium isothiocyanate using a Polytron homogenizer (Brink-
mann Instruments, Inc., Westbury, NY). RNAwas pelleted througha CsCl
cushion. After resuspension, poly A+ mRNA was selected by chromatog-
raphy on oligo(dT) cellulose as described earlier (Cleveland et al., 1981) .
1640Figure 1 . Vesicle motility mediated bymonoQ purified dynein re-
quires the 150-kD dynein associated proteins . (A) MonoQ ion ex-
change chromatography was used to fractionate 20S dynein and
fractions were analyzed by SDS-PAGE . Shown are Coomassie
blue-stained gels of 205 dynein (lane 1), monoQ purified dynein
(lane 2), and themonoQ fraction enriched in the 150-kD polypep-
tides (lane 3) . Positions ofthe440-kD dynein heavy chain, 150-kD
associated protein, 70-kD intermediate chains, and light chains are
marked atthe left . Molecularweights ofthe polypeptides in the mo-
tility activating fraction are marked at the right . (B) In vitro vesicle
motility mediated by variousdynein fractions : the ability ofmonoQ
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Preparation of Tïssueand Cell Extracts
Total cell protein was extracted from chicken tissues and from cultured
MSB cells using a Polytron homogenizer to disrupt the tissue (or cells) in
50mM Tris (pH 8.0) and 1% SDS. The samples were then boiled for 10
min and clarified by a brief centrifugation to remove insoluble debris . In
some experiments, chick embryo brain extract was prepared by Dounce
homogenization as described (Schroer et al ., 1989 ; Schroer and Sheetz,
1991x) . Preparations of soluble and cytoskeletal fractions from cultured
cells were performed exactly as described previously (Lopata and Cleve-
land, 1987) . Briefly, the soluble component was extracted by lysis in 1 ml
ofa micrombule stabilizing buffer (0.1 M Pipes, pH 6.9, 1mM EGTA, 4%
polyethylene glycol, and 0.5% Triton X-100) . The remaining cytoskeletal
portion was solubilized directly in Laemmh gel sample buffer. Equal
proportions of soluble and cytoskeletal samples were then analyzed by gel
electrophoresis and immunoblotting .
Gel Electrophoresis andBlotting
SDS-PAGE was performed as described by Laemmh (1970) . Gels were
stained with Coomassie blue orwithsilver (using the silver nitrateprotocol
of Merril et al ., 1981) . Protein concentrations were determined using the
bicinchonic acid assay (Smith et al., 1985) . SDS-polyacrylamide gels were
blotted to nitrocellulose probed with primary (mAb 150.1) and secondary
antibodies (111-labeled sheep anti-mouse W) using conditions identical
to that in the expression library screen .
Gel electrophoresis of RNA and DNA was as previously described
(Lopata et al ., 1983 ; Havercroft and Cleveland, 1984) . Briefly, denaturing
RNA gels were prepared in 1% agarose containing 2.2M formaldehyde and
DNA gels were prepared in 0.9% agarose. BothRNA andDNA gels were
blotted to Gene Screen Plus (DuPont/New England Nuclear, Boston,MA).
For bothRNA and DNA blots, a 32P-labeled hybridization probe was pre-
pared from the entire 3,514 by ofcDNA from p150A using a random prim-
ing method.DNA blots were hybridized at42°C for 16 h in a solution con-
taining 50% formamide, 5x SSC (lx SSC is 15 mM sodium citrate, 150
mM NaCl), 0.01% albumin, 0.01% Ficoll 400, 0.01% polyvinylpyrrolidone,
1% SDS, 10% dextran sulfate, 50mM sodium phosphate, and 100 kg/ml
denatured herring spermDNA . RNA blots were hybridized at 60°C for 16
h in 1 M NaCl, 1% SDS, 10% dextran sulfate, and 100 pg/ml denatured
herring sperm DNA . BothDNA andRNA blots were washed twice for 15
min at room temperature in 2x SSC, 0.1% SDS, followed by two 30-min
washes at 65°C in 0.2x SSC, 0.1% SDS .
Immunofluorescence Localization
Secondary chick embryo fibroblasts were grown on glass coverslips 24-36
h before use. For cells fixed before extraction, coverslips were put directly
into -20°C methanol for 20 min . Coverslips wererehydrated in TTBS (0.3
M NaCl, 20 mM Tris, pH 7.5, 0.05% Tween 20) containing 2% albumin
for 15 min at room temperature. For cells extracted before fixation, cover-
slips wereincubated for 1 min at 37'C in micrombule stabilizing buffer (0.1
M Pipes, pH 6.9, 1 mM EGTA, 2mM EDTA, and 4M glycerol ; Solomon
et al ., 1979) and then incubated for 1 min at 37°C in.stabilization buffer
containing 0.5% Triton X-100. Coverslips were then rinsed for 1 min in
stabilization buffer at 37°C and plunged into methanol at -20°C for 20
min. The mAbs 150.1 and 70.1 (Steuer et al., 1990) andatubulin polyclonal
antibody (Cleveland et al., 1981) were diluted in buffered saline containing
2% albumin, added to each coverslip and incubated in a humidified chain-
purified dynein to supportvesicle movement in vitro analyzedusing
video enhanced light microscopy (monoQ dynein); vesicle motility
mediated by the 150-kD monoQ fraction only (dynactin complex) ;
vesicle motility assayed after supplementing monoQ dynein with
monoQ fractions enriched in the 150-kD associated proteins
(MQDyn + dynactin complex) ; the 150-kDmonoQ fractionwas in-
cubated with a nonspecific antibody covalently linked to Sepharose
beads, then added to monoQ dynein and assayed for activation of
vesicle motility (MQDyn + Ab control) ; vesicle motility after anti-
body depletion of the dynactin complex (MQDyn + m,4b 150 .1).
The 150-kD monoQ fraction was immunoadsorbed with Sepha-
rose-bound mAb 150.1, then added to monoQ dynein and assayed
for vesicle motility.
1641ber for 30min at roomtemperature. Coverslips were then washed two times
for 5 min in TTBS . The murine antibodies were detected using biotin-
conjugated horse anti-mouse antibody (1:250) and Texas red-conjugated
streptavidin (1:1,000; both from Vector Laboratories, Inc., Burlingame,
CA) . The rabbit antibodies were detected using a fluorescein-conjugated
goat anti-rabbit antibody (1:30; Vector Laboratories, Inc .) .
Results
The Dynactin Complex : an Activator of
Dynein-mediated Vesicle Motility
Standard dynein preparations rely on cosedimentation of
microtubules and tightly bound dynein in the absence of
ATP, release of dynein by addition of ATP, and a final sedi-
mentation step to separate the rapidly sedimenting (205) dy-
nein complex frommore slowly sedimenting contaminants .
As shown in Fig . 1 A (lane 1), the final 20S fraction (from
embryonic chickbrain) is composed primarily ofheavy (440
W), intermediate (70 kD), and light chain (50-55 kD) dy-
nein subunits, as well as a few other components, the most
prominent of which is a doublet of 150-, 50-, and 45AD
polypeptides. When assayed for motor activity using video-
enhanced microscopy to visualize microtubule movement
mediated by immobilized dynein, this 20S dynein promotes
microtubule gliding at 0.5 wm/s as reported previously (Lye
et al ., 1987; Paschal et al., 1987 ; Schroer et al ., 1989), and
supports low levels of vesicle motility in an in vitro system
composed of microtubules, dynein, and salt-washed chick
fibroblast vesicles (Schroer and Sheetz, 1991x) .
A core complex ofdynein subunits can be further purified
from 20S dynein by monoQ ion exchange chromatography
(Fig . 1 A, lane 2) . MonoQ dynein is composed ofthe 440-,
70-, and 50-kD polypeptides and retains full gliding activity
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Figure 2 . An activator ofvesicle
motility is a complex of pro-
teins, a prominent component
ofwhich is a ti150-kD doublet .
(A and B) Inununodepletion of
the 150-kDmonoQ fractionwith
Sepharose-bound mAb 150.1 . (A)
Coomassieblue-stained gel and
(B) corresponding immunoblot
with mAb 150.1 of the 150-kD
monoQ fractionafterincubation
with acontrol, nonspecific anti-
body (lane1) and afterimmuno-
depletion withmAb 150.1 (lane
2) . Positions ofmolecularweight
markers (in kilodaltons) are
marked at the left ofA . (C) Co-
sedimentation of the proteins
eluting with the 150-kD polypep-
tides from the monoQ column .
The material shown in Fig . 1 A,
lane 3, was sedimented into a
5-20% sucrose gradient and
fractions analyzed by gel elec-
trophoresis . Positions of puri-
fied proteins (thyroglobulin [19S]
and amylase [9S]) sedimented
in a parallel gradient are noted
by arrows .
(Schroer and Sheetz, 199la) . However, it is incapable ofsup-
porting vesicle movement (Fig . 1 B) . Unlike this monoQ dy-
nein fraction, a small amount of motility (Fig . 1 B, dynactin
complex bar) is seen in a monoQ fraction (referred to as acti-
vator I ; Schroer and Sheetz, 1991x) containing only a trace
amount ofdynein and high levels of a 150-kD doublet as well
as 62-, 50-, 45-, 37-, and 32AD species (Fig . 1 A, lane 3) .
(The level ofvesicle motility displayed by this fraction alone
is always low, but is highly variable between different prep-
arations, probably the result of the activator stimulating a
variable amount of dynein that trails into this monoQ frac-
tion [Fig . 1 A, lane 3] .) Full vesicle motor activity is restored
by readdition to monoQ dynein of this Activator I fraction
(Fig . 1 B, MQDyn+Dynactin complex bar) . A ratio of acti-
vator/dynein approximating that found in 205 dynein is re-
quired to restore a comparable level of vesicle motility, al-
though the variable amount of residual activity in the
activator I fraction alone makes precise analysis difficult .
Using amAb that binds to the 150AD doublet ofpolypep-
tides (mAb 150.1; Steuer et al ., 1990), the requirement of
the 150-kD component for activating dynein-mediated vesi-
cle motility was tested by immunoadsorbing the activator I
monoQ fraction before the motility assay. This procedure
effectively removed the 150-kD components as judged by
SDS-polyacrylamide gels (Fig . 2 A, lane 2) or by immuno-
blotting (Fig. 2 B, lane 2) . However, most polypeptides in
the initial monoQ fraction (including the 62-, 50-, 45-, 37-,
and 32AD species) were also quantitatively removed by the
anti-150-kD antibody, strongly suggesting that all exist in a
single complex . This possibility was supported by the con-
sistent coelution of these polypeptides from the monoQ
column and by copurification on a mAb 150.1 affinity
column (not shown) . Further confirmation was obtained by
velocity sedimentation . As shown in Fig. 2 C, sucrose gra-
1642dient centrifugation revealed that the 150-kD doublet cosedi-
ments with the 62-, 50-, 45-, 37-, and 32-kD subunits (at a
position similar to that of 20S or core dynein ; not shown) .
Densitometry of gel lanes such as in Fig . 1 A, lane 3, re-
vealed an apparent molar stoichiometry of 1:1:1:3:8:1:1, re-
spectively, for the 160-, 150-, 62-, 50-, 45-, 37-, and 32-kD
components . Immunoblotting has revealed that at least a por-
tion of the abundant 45-kD component is actin (Schroer and
Sheetz, 1991x) .
In any event, the immunodepleted material no longer acti-
vated dynein-based vesicle movements (Fig . 1 B), while
mock adsorbed controls were unaffected . This finding dem-
onstrates that in this in vitro assay the 150-kD doublet (along
with the associated polypeptides) plays a key role in dynein-
based vesicle motility . We propose the name dynactin (for
dynein activator) for these immunologically related 150-kD
subunits, and thenamedynactin complex for the polypeptide
complex in Activator I .
Identification ofa cDNA CloneEncoding Dynactin
As a first step in examining how the dynactin complex en-
hances vesicle motility, we sought to determine the primary
structure of one dynactin polypeptide. To do this, we used
mAb 150.1 to screen a Xgtll expression library constructed
from chicken embryo mRNA . Inununopositive clones were
plaque purified and one was found to contain 3.5 kb of
cDNA . DNA sequencing of the ends of the cDNA showed
that the cDNA extended to the poly A tail, but was out of
frame with a galactosidase . However, immunoblotting re-
vealed that an immunoreactive polypeptide of -150 kD was
accumulated after induction (not shown) . This putative dy-
nactin cDNA was subcloned adjacent to the lacZ promoter
to produce plasmid p150A . Induction of expression again
produced a 150-kD protein (along with a series of degrada-
tion products) that was immunoreactive not only with mAb
150.1 (Fig . 3, lane 8) but also with a polyclonal antibody af-
finity purified against authentic dynactin (not shown) . The
bacterially produced protein displayed an electrophoretic
mobility indistinguishable from that of the smaller dynactin
polypeptide (compare lanes 7 and 8 in Fig . 3) . These data
indicate that the cDNA contains an open reading frame en-
coding a protein of -150 kD and that translation initiates
from a site within the cDNA .
Immunologic methods were used to verify that the clone
represented authentic dynactin sequences . As shown above,
the bacterial expression product of pl50A was recognized
both bymAb 150.1 (Fig . 3, lane 8) and by an affinity-purified
polyclonal antibody specific for the 150-kD subunits in 205
dynein . Further, using either the polyclonal antibody or the
original mAb, the immunoreactivity of the cDNA-encoded
protein was as strong as immunoreactivity against the
authentic 150-kD polypeptides, as wouldbe anticipated if all
share a common set of epitopes . Second, a polyclonal anti-
body (pAb 150) raised against the bacterially expressed pro-
tein recognized authentic dynactin polypeptides in a total
chick brain extract (Fig. 3, lane 2) and in 20S cytoplasmic
dynein (lane 5) . (pAb 150 also recognizes a 53-kD polypep-
tide [Fig. 3, lanes 2 and 5] ; whether this is a proteolytic frag-
ment or a related protein is not established .) Taken together
with the sequence similarity to a 150-kD dynein-associated
protein from rat (see below), we conclude that cDNA clone
p150A encodes chicken dynactin .
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Figure 3. Verification that the cDNA clone, p150A, encodes an
authentic 150-kD dynactin . Polyclonal antibodies (pA6150) raised
againstthe proteinencoded bycDNA p150A bind specifically to the
authentic 150AD dynactindoublet andamAb to authentic dynactin
(mAb 150.1) recognizes the protein encoded by p150A . Prepara-
tions of total chick brain extract, chick 20S dynein, and bacterial
protein extracts with and without the p150A encoded protein were
electrophoresed on SDS polyacrylamide gels and then either
stained with Coomassie blue (lanes 1 and 3) or blotted to nitrocel-
lulose (lanes 2 and 4-9) . Lanes 1 and 2, chick embryo brain ex-
tract ; lanes 3-7, 20S dynein ; lane 8, bacterial extract after induction
ofexpression ofthe p150 encoded protein; lane 9, control bacterial
extract . Blotted proteins were probed with antibody pAbl50 (lanes
2 and 5), preimmune serum from the mice usedto produce pAbl50
(lane 4), rmAb 150.1 (used to isolate the p150AcDNA clone) (lanes
6-9) .
The Primary Structure ofOne
Dynactin Isoform RevealsNo Long,
Coiled-Coil ct-helicalDomains
The cDNA clone p150A was completely sequenced to deter-
minethe primary structure ofthe encoded dynactin polypep-
tide. This revealed a putative 5' untranslated region of 69
bases, a 1,053 amino acid open reading frame, a 135 base
3' untranslated region, and a terminal poly A tract (the
nucleotide sequence has been deposited in EMBL ; copies
are available upon request) . Several lines of evidence suggest
that the 5'-mostATG in the sequence represents the authentic
translation initiation site of this dynactin isoform . First,
RNAblotting demonstrated thatone oftwo dynactinmRNAs
in chick brain is -3.6 kb, essentially the size ofthe 3,514-bp
cDNA (Fig. 6 A, lane 1) . Second, when this site is used for
translation initiation in bacteria, the product is indistinguish-
able in size from the smaller dynactin isoform . Third, the se-
quences surrounding the ATG lie in a reasonable context for
eukaryotic translation initiation (Kozak, 1987) . Still, no in-
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frame translation terminating codons are found in the 69
bases of 5'-most sequence and attempts to identify longer
cDNA clones and touse primer extension to determine addi-
tional 5' sequence have been unsuccessful . Hence, although
we cannot rigorously exclude the possibility that an ATG ly-
ing upstream may represent the true translation initiation
site, the 5'-most ATG is likely to be the correct site .
The 1,053 amino acid sequence encoded by p150A, shown
in Fig . 4, yields a calculated molecular mass of 117kD with
a predicted pI of 5.3 . This agrees with the measured pl ofthe
smaller dynactin isoform (Toyoshima, I ., andM . Sheetz, un-
published observations) . Although the calculated molecular
weight is smaller than that estimated for dynactin from mo-
bility on SDS-polyacrylamide gels, this is notuncommon for
large proteins . Most importantly, the 117-kD polypeptide
comigrates with the smaller authentic dynactin isoform (Fig.
3, lanes 7 and 8) .
The secondary structure ofdynactin was deduced from the
primary amino acid sequence using the methods ofChou and
Fasman (1974) and Gamier et al . (1978) . Both methods pre-
dict dynactin to becomposed oftwo long a-helical domains
of - 380 and -130 amino acids that lie near the amino and
carboxy termini, respectively (Fig . 5) . Within each of these
predicted helical domains runs a prominent heptad repeat
(marked with asterisks above the amino acid sequence in
Fig . 4) in which the first and fourth residues are usually hy-
f
￿
~â â
N C C O
Ol O
45
84
Gill et al . Dynactin, an Activator ofDynein-mediated Motility
￿
1645
Rat 150 kd Dynein
associated protein
53
heptad repeat domains
break in heptad phase
COOH
Drosophila
Glued Protein
Figure 5 . Predicted structure of dynactin
and its similarity to a rat dynein as-
sociated protein and to the Drosophila
Glued protein. The predicted secondary
structure of dynactin, a rat dynein as-
sociated protein, and the Drosophila
Glued protein were determined by com-
bining the methods of Chou and Fasman
(1974) and Gamier et al . (1978) . The
schematic aligns the three proteins to
highlight their similarity in structure as
well as domains ofhigh sequence similar-
ity. The percent of identical amino acids
shared is shownforthedomains ofhighest
similarity.
drophobic . This motif, widely found in structural proteins,
facilitateshomo- or hetero-dimerization promoted by hydro-
phobic interactions between parallel a-helices . A search for
other motifs within the primary sequence did not reveal puta-
tive nucleotide binding domains or other known motifs, ex-
cept for 37 potential phosphorylation sites.
Dynactin SequenceandStructureAreHighly
Conserved in VertebratesandShowHighHomology to
Glued, an EssentialDnosophila Protein
Search ofcurrently available protein sequences revealed high
sequence homology of dynactin to only two proteins : a 150-
kD rat protein (Holzbaur et al., 1991) identified by its im-
munological relatedness to a -150-kD polypeptide present
in some (Collins and Vallee, 1989), but not all (Paschal et
al ., 1987; Pfarr et al., 1990), mammalian dynein prepara-
tions and the Drosophila Glued protein (the aligned se-
quences are presented in Fig . 4 and summarized schemati-
cally in Fig . 5) . Throughout a central 1,000 amino acid
domain, chicken dynactin is 85% identical to the 150-kD rat
protein . Both the chicken and rat proteins are predicted to
contain similar coiled-coil domains separated by a spacer re-
gion that is conserved in sequence. The rat protein is longer
at both amino and carboxy termini and the extreme carboxy
termini show no similarity. Whilewe conclude that these two
Figure4 . Primary sequence of chicken dynactin deduced fromcDNA clone p150A . (Top line) The amino acid sequence of chick dynactin
was deduced from the 3,514 nucleotide sequence of p150A . All regions were sequenced multiple times on both strands . Amino acids
predicted to be in a helical conformation are overlined ; within those domains, amino acids comprising a hydrophobic heptad repeat are
marked with asterisks, while charged residues in positions 1 and 4 of the repeat are marked with (-) . A Denotes the positions of breaks
in the heptad phase. (Middle line) The deduced amino acid sequence of a rat 150-kD protein found in some dynein preparations (Holzbaur
et al ., 1991) aligned with chick dynactin (using the algorithm of Lipman and.Pearson, 1985) . (Bottom line) The deduced amino acid se-
quence of the Drosophila Glued protein (Swaroop et al ., 1987) aligned with chick dynactin . Boldface capital letters denote positions of
sequence identity in all three sequences . These sequence data are availabe from EMBL/GenBank/DDBJ under accession number X62773 .Figure 6. ThreemRNAs encode at least three dynactin isoforms in
various chicken tissues. (A) RNA blot analysis of total RNA iso-
lated from various chicken tissues probed with the cloned dynactin
cDNA from p150A . (B) Immunoblot analysis of dynactin isoforms
in chicken tissue extracts probed withmAb 150.1 . Lane 1, 11-d em-
bryonic chick brain ; lane 2, adult brain ; lane 3, cardiac muscle ;
lane 4, liver; lane S, kidney ; lane 6, smooth muscle ; lane 7, skeletal
muscle ; lane 8, MSB cells, a Marek7s virus transformed lympho-
blastoid line . Sizes are shown atthe left in kilobases or kilodaltons,
respectively, forA and B.
proteins both represent dynactins, the terminal sequence
differences suggest that they represent different isoforms of
this conserved polypeptide family (see below) .
Both chicken and rat dynactins also display multiple do-
mains of strong sequence identity (between 58 and 41°!0) to
the Drosophila Glued protein (see Fig. 5) . Such sequence
similarity is highly significant and is reflected not only in the
primary sequence, but also the secondary structure features.
All are predicted to have two major coiled-coil helical do-
mains of similar lengths and relative locations within the
polypeptide backbone . These helical domains and the non-
helical sequences just adjacent (particularly for the amino-
terminal helix) represent the regions of highest sequence
identity. This is surprising since only a helical domain with
a repeating heptad motif, rather than strongly conserved pri-
mary sequence, is required to retain a common coiled-coil
structure . Also conserved is a shortsegment predicted to dis-
rupt the amino-terminal helix, splitting it into two parts . Not
conserved are the positions of disruptions within the heptad
phase (four of which occur in dynactin, compared with three
in Glued ; see Fig . 5) . Substantial sequence similarity con-
Table L Fractionation ofDynactin during Dynein Purification
Percentage of total protein
￿
0.6
comprised by dynein heavy chain
Percentage of total protein
￿
0.2
comprised by dynactin
Percentage of initial dynein
￿
100
heavy chain recovered in this step
Percentage of initial dynactin
￿
100
recovered in this step
Molar ratio of dynactin:dynein heavy chain
￿
1
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Soluble brain
homogenate
tinues as well in portions of the segment that separates the
two major helices, demonstrating selective constraints be-
yond the helical domains . The most amino-terminal and
carboxy-terminal sequences show little conservation .
From the strong sequence and structural similarity along
most of their lengths, it is likely that dynactin is the ver-
tebrate homologue of Glued .
Dynactin IsanAbundant Protein Composed ofat
Least Three Isoforms Encoded by a Single Gene
Mutations in the Drosophila Glued gene have shown that
Glued function is required for proper early development,
suggesting a general role in many, perhaps all, cells (Harte
and Kankel, 1982) . Tb determine the corresponding distribu-
tion and abundance ofdynactin, we usedRNA (Fig . 6 A) and
protein (Fig . 6 B) blots of samples from selected chicken tis-
sues . Parallel immunoblots were probed for dynein heavy
and light chains (not shown), as were additional immuno-
blots ofvarious fractions from a dyneinpurification (TableI) .
Several relevant points emerge fromthis analysis . First, dyn-
actin is found ubiquitously. Second, using known amounts
ofpurified dynactin or dynein as quantitation standards, we
find in these extracts that dynactin is present in stoichiomet-
ric amounts with dynein heavy chain and represents -0.1%
of total soluble protein (except in liver where it is N10-fold
less abundant) . Third, three electrophoretically distinct iso-
forms of dynactin are, present in different tissues : two are
found in brain (Fig. 6 B, lanes 1 and 2), while in all other
tissues examined a third form of intermediate mobility is de-
tected (Fig . 6B) . Fourth, in addition to a ubiquitous 4.0-kb
RNA (Fig. 6 A, lanes 1-8) and a 3.6-kb brain-specificmRNA
(Fig . 6 A, lanes 1 and 2), a much larger (7 kb) dynactin
mRNA is present in skeletal muscle (Fig . 6 A, lane 7), rais-
ing the possibility of a fourth dynactin isoform, although no
corresponding dynactin of unique mobility was observed
(Fig . 6 B, lane 7) . Fifth, using immunoblotting to follow
dynactin and dynein recovery throughout dynein purification
from chick brain (Table I), only half as much dynactin sedi-
ments with microtubules as does dynein, and only about one-
fifth of that elutes from the microtubules with ATP This
results in 20S dynein containing only approximately one-
tenth the initial molar level of dynactin, consistent with the
reduced ability of this fraction to support vesicle motility
1646
Sedimentation
￿
ATP 20S
with microtubules
￿
relea§c
￿
dynein
2.5
￿
20
￿
80
0.4
￿
0.6
￿
2.4
25
￿
25
￿
20
12
￿
2.5
￿
1 .8
0.5
￿
0.09
￿
0.09
Abundance ofdynein heavy chain and dynactin in each fraction was measured by immunoblotting . Quantitation standards were provided by parallel immunoblots
of a series of dilutions of known amounts of dynein heavy chain or dynactin .(Schroer et al ., 1989). Sixth, since the dynactin with the
smallest apparent size and a corresponding 3.6-kb brain-spe-
cificmRNAare seen only in brain tissue, it is likely that this
isoform arises from this shorter mRNA. In view of the co-
migration of our cloned dynactin protein with the smaller
isoform, it seems reasonable to suggest that p150A encodes
this smaller, brain-specific dynactin.
Whether the multiple RNAs and isoforms are products of
a single gene or a gene family (as is the case, for example,
for the kinesin-like group of microtubule motors; e.g., see
Endow and Hatsumi, 1990) was examined by genomic DNA
blotting. Moderate stringency hybridizations revealed a pat-
tern consistent with a single gene in the chicken, mouse, or
human genomes (not shown).
Dynactin Localizes to Punctate CytoplasmicSpotsand
to Interphase andMitoticCentrosomes
To determine the intracellular distribution ofdynactin, dou-
ble immunofluorescence microscopy was used to localize
dynactin and tubulin within the same cells. In cells fixed
without prior extraction dynactin was found in a punctate cy-
toplasmic pattern (Fig. 7 A). The punctate pattern was simi-
lar to that found for the 70-kD subunit of dynein (Fig. 7 E).
(Unfortunately, double immunofluorescence could not be
performed to visualize dynein and dynactin simultaneously
as all our dynactin antibodies and antibodies monospecific
for dynein are mouse antibodies.) Although many spots were
aligned in a pattern consistent with an association with
microtubules (Fig. 7 B), giventhe large number of spots this
may only be coincidental. If soluble components were ex-
tracted by detergent lysis in a solution that stabilizes micro-
tubules, most dynactin staining in interphase and mitotic
cells was eliminated (Fig. 7 C), although the microtubule ar-
ray remained intact as expected (Fig. 7 D). The most promi-
nent dynactin localization remaining in such cytoskeleton
preparations was at the centrosomes of both interphase (Fig.
7 C, main panel) and mitotic (Fig. 7 C, inset) cells, a locali-
zation not found for dynein itself (Steuer et al., 1990; not
shown). Staining ofmitotic spindles was also found, although
whether this reflects true association or nonspecific trapping
in the densemitotic arrays is not certain. In all cases, similar
distributions were found following alternative fixation pro-
cedures (paraformaldehyde with or without prior extraction)
or after extraction with 1 % saponin, which permeabilizes
membranes while leaving the phospholipids largely intact
(not shown) .
That little dynactin is tightly associated with the cytoskele-
ton was further examined by immunoblotting soluble and cy-
toskeletal fractions. As shown in Fig. 7 F (top, lanes 1 and
2), abouttwo-thirds ofcell tubulin was in polymer form un-
der normal culture conditions, whileonly -10% of dynactin
was in the cytoskeletal fraction (Fig. 7 F, middle). Cytoskel-
eton-associated dynactin was not affected by colchicine-
induced microtubule disassembly (lanes 3 and 4) or com-
plete tubulin polymerization stimulated by taxol (lanes S and
6), mirroring the behavior of dynein (Fig. 7 F, bottom). De-
spite the association of a small amount of dynactin with mi-
crotubules during dynein purification ('Fable I), we conclude
that in vivo most dynactin is not tightly bound to microtu-
bules and is either soluble or attached to vesicles. Further,
the potential binding ofthe purified dynactin complex to mi-
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crotubules was examined in vitro. As assayed by copelleting
with taxol-stabilized microtubules, monoQ dynactin com-
plex failed to bind to microtubules either in the presence or
absence of ATP (5 mM), while monoQ dynein bound in the
absence of ATP as expected (not shown).
No binding of dynactin antibodies to kinetochores was ap-
parent at any phase ofthe cell cycle, although weak staining
of mAb 150.1 has been reported on isolated chromosomes
(Steuer et al., 1990). Since immunofluorescence analyses
are inevitably subject to caveats concerning artifacts offixa-
tion and nonspecific antibody binding, interpretation ofsuch
weak immunofluorescent signals cannot be made unambigu-
ously. What is very clear from our analysis here is that little,
if any, dynactin is tightly bound to microtubules, and even
less to chromosomes.
Discussion
The discovery ofmotorproteins with the capacity to translo-
cate along microtubules first came from examination of vesi-
cle movement within axons. By exploiting new microscopic
methods, extruded squidaxoplasm was seen to support vesi-
cle movement in two directions along individual microtubules
(Allen et al., 1985; Schnapp et al., 1985). The mechano-
chemical enzyme kinesin was soon discoveredto translocate
in the plus end direction (Vale et al., 1985) and was initially
reported to stimulate movement of impure organelles, al-
though later efforts demonstrated that salt-washed vesicles
did not move in the presence ofkinesin alone (Schroer et al.,
1988) . Similar results are found for cytoplasmic dynein:
depletion of dynein from a cell extract using UV photo-
cleavage disrupts movement of salt-washed vesicles in vitro,
yet 20S dynein alone has much reduced activity (Schroer et
al., 1989) and purified cytoplasmic dynein has none.
Although, as expected, either motor is sufficient for ATP
hydrolysis and translocation alongmicrotubules (detected as
microtubule gliding when the motors are immobilized), suc-
cessful vesicle transport requires additional factors. We have
now identified dynactin as a major component of one such
factor. In vitro, the dynactin complex facilitates dynein-
mediated transport of salt-washed vesicles. However, most
dynactin fails to cofractionate stoichiometrically with dyn-
ein through microtubule binding and release steps, suggest-
ing either that dynactin only transiently associates with dyn-
ein or microtubules, that it binds more tightly to other cell
components (perhaps vesicles), or both. This is not too sur-
prising, since binding to vesicles and activation of vesicle-
bound motors represent properties not required for ATP hy-
drolysis or simple translocation. It must also be emphasized
that the complexregulationofbidirectionaltransportmediated
through multiple motors suggests the presence of additional
soluble activators. Indeed, we have evidence for multiple
dynein activators, one of which also facilitates kinesin-based
motility (Schroer and Sheetz, 1991x).
With regard to the question of how the dynactin complex
promotes vesicle movement, it does not seem to act exclu-
sively through binding to dynein itself, even though the two
are distributed similarly in the cytoplasm (Fig. 7). Initially
equimolar with dynein heavy chain in brain extracts, only
about a tenth of that level is recovered in 20S dynein. That
ATP releases only -20% of dynactin but most of dynein
1647The Journal of Cell Biology, Volume 115, 1991
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1648bound to microtubules (Table I; see also Holzbauer et al .,
1991) clearly indicates that dynactin and dynein bind micro-
tubules independently. The dynactin-microtubule interac-
tion is probably indirect, since (a) most dynactin is not cyto-
skeleton associated, (b) binding motifs common to known
microtubule-associated proteins are not found in the dynac-
tin sequence, and (c) monoQ purified dynactin does not re-
bind efficiently to microtubules invitro. Nor is dynactin nec-
essary to mediate dynein attachment to membranes since
monoQ purified dynein aloneis sufficient for vesicle-micro-
tubule binding (Schroer and Sheetz, 1991x), although whether
such binding represents a physiologically meaningful inter-
action is not established.
The most striking structural feature of dynactin is the pres-
ence of two long domains with all the hallmarks of forming
coiled-coil a-helices. Such heptad repeat-containing do-
mains are characteristic of filamentous structural proteins
and it seems possible that dynactin forms homopolymeric or
heteropolymeric filamentous structures. While dynactin
shows some sequence similarity to several previously de-
scribed a-helical, structural proteins (e.g., myosin), by far
the highest similarities are to a rat brain dynein associated
protein and to the Drosophila Glued protein. Since chicken
dynactin, the ratprotein, andGlued are homologousthrough-
out most of their lengths (although the brain-specific dynac-
tin isoform we have identified is shorter at both amino and
carboxy termini) and since high sequence similarity extends
outside the structurally conserved helical domains, it seems
very likely that the three represent homologous proteins.
Previous genetic analyses ofGlued.offer persuasive, but as
yet incomplete, viewsas to potential in vivo roles for dynac-
tin. The first described mutation (Plough and Ives, 1935)
was found to be a recessive lethal, indicating that the protein
is probably essential. However, inthe heterozygote the muta-
tion produces a dominant phenotype in which normal devel-
opment of the compound eye and of optic lobes innervated
by retinal axons is disrupted (Meyerowitz and Kankel,
1978). Subsequent efforts have identified 10 additional Glued
mutations, all ofwhich are recessive embryonic lethals (Harte
and Kankel, 1982). Further, because attempts to produce
mosaic animals carrying clones of cells homozygous for
these mutations were unsuccessful, it was concluded that
Glued function is required for the viability of individual
cells. As Harte and Kankel (1982) initially proposed, the re-
quirement for Glued must lie in its effect on some fundamen-
tal cellular function, such as mitosis . The identification of
Gluedto be the homologue ofa protein that mediates dynein-
dependent vesicle transport and a small proportion of which
is associated with centrosomes and mitotic spindles (Fig. 7
C) clearly suggests that the essential function lies in some
aspect of microtubule-based motility. Consistent with this is
the expression ofdynactin or Glued in all chicken and fly tis-
sues, respectively.
In addition to a general role in all cells, two lines of evi-
dence suggest that dynactin may play a fundamental role in
axonal transport within neurons. First, in chicken brain the
major dynactin isoforms are ofdifferent mobility than dynac-
tin in other tissues. Second, the dominant Glued mutation
preferentially affects the axons growing from the pho-
toreceptor cells of the developing eyes (Meyerowitz and
Kankel, 1978). The dominance of this mutation (resulting
from a transposon-like insertion near the Tend of the Glued
gene that results in a truncated RNA transcript [Swaroop et
al., 1985, 1986]) suggests a special requirement in these neu-
rons beyond that critical for basic cell function.
Remaining unresolved is the mechanism through which
the dynactin complex stimulates dynein-mediated vesicle
movement. Dynactin's ubiquity and size suggest a structural
rather than catalytic mechanism and the coiled-coil motif
clearly suggests assembly into higher order structures. In-
sight as to whether the interaction alters dynein ATPase or
dynein's affinity for vesicles seems likely to emerge from the
use ofin vitro biochemical assays to extend our understand-
ing of dynactin properties and the other components of the
dynactin complex .
The technical assistance of Denise Hammond is gratefully acknowledged.
This work has been supported by grants from the National Institutes of
Health to D. W. Cleveland, T. A. Schroer, and M. P. Sheetz, and by a
Searle Scholarship and Packard Fellowship to T. A. Schroer. S. R. Gill
was supported by a postdoctoral fellowship from the NIH.
Received for publication21 August 1991 and in revised form 18 September
1991 .
References
Allen, R. D., D. G. Weiss, J. H. Hayden, D. T. Brown, H. Fujiwara, and M.
Simpson. 1985. Gliding movement of and bidirectional transport along sin-
gle native microtubules from squid axoplasm: evidence for an active role of
microtubules in axonal transport. J. Cell Biol. 100:1736-1752 .
Amos, L. A. 1989. Brain dynein crossbridgesmicrotubules intobundles. J. Cell
Sci. 93:19-28.
Chirgwin, J. M., A. E. Przbyla, R. J. MacDonald, and W. J. Rutter. 1979.
Isolation of biologically active ribonucleic acid from sources enriched in
ribonuclease. Biochemistry. 18:5294-5299.
Chou, P. Y., andG. D. Fasman. 1974. Prediction ofprotein conformation. Bio-
chemistry. 13:222-245.
Cleveland, D. W., M. A. Lopata, P. Sherline, and M. W. Kirschner. 1981.
Unpolymerized tubulin modulates the level of tubulin mRNAs. Cell.
25:537-546.
Collins, C. A., and R. B. Vallee. 1989. Preparation of microtubules from rat
liver and testis: cytoplasmic dynein is a majormicrotubule associated pro-
tein. Cell Motil. Cytoskeleton. 14:491-500.
Endow, S. A., and M. Hatsumi. 1990. A multimember kinesin family in Dro-
sophila. Proc, Natl. Acad. Sci. USA. 88:4424-427.
Euteneuer, U., M. P. Koonce, K. K. Pfister,and M. Schliwa. 1988. An ATPase
with properties expected for the organelle motor of the giant amoeba
Reticulomyxa. Nature (Land.). 331 :176-178.
Garen, A., B. R. Miller, and M. L. Paco-Larson. 1984. Mutations affecting
Figure 7. Soluble dynactin is found in a punctate distribution throughout the cytoplasm and at centrosomes. Double inununofluorescence
was used to localize dynactin and tubulin in cells fixed without priorextraction(A, B) or after detergent extraction of soluble components
under conditions that stabilize microtubules (C, D). (A, C) Dynactin visualized with rnAb 150.1; (B, D) tubulin localized in the same cells
using a rabbit polyclonal antibody to tubulin. Insets show mitotic cells. (E) The 70-kD dynein subunit localized with mAb 70.1 in cells
fixedwithout detergent extraction. Bar, 15 Am. (F) Immunoblotanalysis oftubulin (top), dynactin (middle), and the 70-kD dynein subunit
(bottom) in soluble (S) or cytoskeletal (C) fractions of chick embryo fibroblasts. Lanes 1 and 2, soluble and cytoskeletal fractions from
fibroblasts grown under normal conditions; lanes 3 and 4, soluble and cytoskeletal fractions from cells in which microtubules were disas-
sembled by addition of 10 AM colchicine for the final 5 h of culture; lanes S and 6, soluble and cytoskeletal fractions from cells treated
for 5 h with 10 AM taxol to force assembly of all cell tubulin. Molecular weights are shown at right.
Gill et al. Dynactin, an Activator ofDynein-mediated Motility
￿
1649the functions of the Drosophila gene Glued. Genetics. 107:645-655.
Gamier, J., D. J. Osguthorpe, and B. Robson. 1978. Analysis ofthe accuracy
and implication of simple methods for predicting the secondary structure of
globular proteins. J. Mol. Biol. 120:97-120.
Gilbert, S. P., andR. D. Sloboda. 1989. A squid dynein isoformpromotes axo-
plasmic vesicle translocation. J. Cell Biol. 109:2379-2394.
Harte, P. J., andD. R. Kankel. 1982. Genetic analysis ofmutationsatthe Glued
locus and interacting loci in Drosophila melanogaster. Genetics. 101:477-
501.
Havercroft, J. C., and D. W. Cleveland. 1984. Programmed expression of
ß-tubulin genes during development and differentiation of the chicken. J.
Cell Biol. 99:1927-1935.
Hirokawa, N., R. Sato-Yoshitake, T. Yoshida, and T. Kawashima. 1990. Brain
dynein (MAPIC) localizes on both anterogradely and retrogradely trans-
ported membranous organelles in vivo. J. Cell Biol. 111:1027-1037.
Holzbaur, E. L. F., J. A. Hammarback, B. M. Paschal, N. G. Kravit, K. K.
Pfister, and R. B. Vallee. 1991. Homology of a 150 K cytoplasmic dynein-
associated polypeptide with the Drosophila gene Glued. Nature (Land.).
351:579-583.
Koonce, M. P., andJ. R. McIntosh. 1990. Identification and immunolocaliza-
tion ofcytoplasmic dynein in Dictyostelium. Cell Motil. Qtoskeleton. 15:
51-62.
Kozak, M. 1987. Ananalysis ofthe 5'-noncoding sequences from 699vertebrate
messenger RNAs. Nucleic Acids Res. 15:8125-8149.
Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly of
the head of bacteriophage T4. Nature (Land.). 227:680-685.
Lipman, D. J., and W. R. Pearson. 1985. Rapid and sensitive protein similarity
searches. Science (NÛ.sh. DC). 227:1435-1441.
Lopata, M. A., and D. W. Cleveland. 1987. In vivo micrombules are
copolymers of available ß-tubulin isotypes. J. Cell Biol. 105:1707-1720.
Lopata, M.A., J. C. Havercroft,L. T. Chow, and D. W. Cleveland. 1983. Four
unique genes required for 0-tubulin expression in vertebrates. Cell.
32:713-724.
Lye, R. J., M. E. Porter, J. M. Scholey, and J. R. McIntosh. 1987. Identifica-
tion of a microtubule-based motor in the nematode C. elegans. Cell. 51:
309-318.
Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular Cloning: A
Laboratory Manual. Cold Spring Harbor Press, Cold Spring Harbor, NY.
545 pp.
Merril, C. R., D. Goldman, S. A. Sedman, and M. H. Ebert. 1981. Ultrasensi-
tive stain for proteins in polyacrylamide gels shows regional variation in
cerebrospinal fluid proteins. Science (Wash. DC). 211:1437-1438.
Meyerowitz, E. M., and D. R. Kankel. 1978. A genetic analysis ofvisual sys-
tem development in Drosophila melanogaster. Dev. Biol. 62:112-142.
Neely, M. D., and K. Boekelheide. 1988. Sertoli cell processes have axoplas-
mic features. An ordered micrombule distribution andan abundant high mo-
lecular weight micrombule-associated protein (cytoplasmic dynein). J. Cell
Biol. 107:1767-1776.
Paschal, B. M., and R. B. Vallee. 1987. Retrograde transport by the
micrombule-associated protein MAP IC. Nature (fond.). 330:181-183.
Paschal, B. M., H. S. Shpetner, and R. B. Vallee. 1987. MAP 1C is a
The Journal of Cell Biology, Volume 115, 1991
microtubule-activated ATPase which translocates microtubules in vitro and
has dynein-like properties. J. Cell Biol. 105:1273-1282.
Pfarr, C. M., M. Coue, P. M. Grissom, T. S. Hays, M. E. Porter, and J. R.
McIntosh. 1990. Cytoplasmic dyneinlocalizes to kinetochores during mito-
sis. Nature (Land.). 345:263-265.
Plough, H. H., and P. T. Ives. 1935. Induction ofmutations by high tempera-
ture in Drosophila. Genetics. 20:42-69.
Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequencing with chain-
terminating inhibitors. Proc. Natl. Acad. Sci. USA. 74:5463-5467.
Schnapp, B. J., R. D. Vale, M. P. Sheetz, and T. S. Reese. 1985. Single
microtubules from squid axoplasm support bidirectional movement of or-
ganelles. Cell. 40:455-462.
Schnapp, B. J., and T. S. Reese. 1989. Dynein is the motor for retrograde ax-
onal transport or organelles. Proc. Natl. Acad. Sci. USA. 74:2045-2049.
Schroer, T. A., and M. P. Sheetz. 1991a. Two activators ofmicrotubule-based
vesicle transport. J. Cell Biol. 115:1309-1318.
Schroer, T. A., and M. P. Sheetz. 1991b. Functions ofmicrotubule-based mo-
tors. Annu. Rev. Physiol. 53:629-652.
Schroer, T. A., B. J. Schnapp, T. S. Reese, andM. P. Sheetz. 1988. The role
ofkinesin and other soluble factors in organelle movement along microtu-
bules. J. Cell Biol. 107:1785-1792.
Schroer, T. A., E. R. Steuer, and M. P. Sheetz. 1989. Cytoplasmic dynein is
a minus-end directed motor for membranous organelles. Cell. 56:937-946.
Smith, P. K., P. 1. Krohn, G. T. Hermanson, A. K. Mallia, F. H. Gartner,
M. D. Provenzaus, E. K. Fujimoto, N. M. Goeke, B. J. Olson, and D. C.
Klenk. 1985. Measurement of protein using bicinchonic acid. Anal. Bio-
chem. 150:76-85.
Solomon, F., M. Magendantz, andA. Salzman. 1979. Identification withcellu-
lar microtubules of one of the co-assembling microtubule-associated pro-
teins. Cell. 18:431-435.
Steuer, E. R., T. A. Schroer, L. Wordeman, and M. P. Sheetz. 1990. Cytoplas-
mic dynein localizes to mitotic spindles and kinetochore. Nature (Land.).
345:266-268.
Swaroop, A., M. L. Paco-Larson, andA. Garen. 1985. Molecular genetics of
a transponson-induced dominant mutation in the Drosophila locus Glued.
Proc. Nad. Acad. Sci. USA. 82:1751-1755.
Swaroop, A., J.-W. Sun, M. L. Paco-Larson, and A. Garen. 1986. Molecular
organization and expressionofthegenetic locus Glued in Drosophila melan-
ogaster. Mol. Cell Bial. 6:833-841 .
Swaroop, A., M. Swaroop, and A. Garen. 1987. Sequence analysisofthe com-
plete cDNA and encoded polypeptide for the Glued gene ofDrosophila me-
lanogaster. Proc. Natl. Acad. Sci. USA. 84:6501-6505.
Vale, R. D., T. S. Reese, and M. P. Sheetz. 1985. Identification of a novel
force-generating protein, kinesin, involved in microtubule-based motility.
Cell. 42:39-50.
Williams, R. C., and J. C. Lee. 1982. Preparation of tubulin from brain.
Methods Enzymol. 85:376-386.
Wordeman, L., E. Steuer, M. P. Sheetz, and T. J. Mitchison. 1991 . Chemical
subdomains withinthekinetochoredomainof isolated CHO mitotic chromo-
somes. J. Cell Biol. 114:285-294.
1650